SCIENTIFIC 

REPORTS 



s 




SUBJECT AREAS: 

NANOSCALE DEVICES 

NANOWIRES 

SENSORS AND BIOSENSORS 

NANOSCIENCE AND 
TECHNOLOGY 



Received 

16 November 2012 

Accepted 
19 November 2012 

Published 

17 December 2012 



Correspondence and 
requests for materials 
should be addressed to 
S.-H.Y. (shyu@ustc. 

edu.cn) 



Ordering Ag nanowire arrays by a glass 
capillary: A portable, reusable and 
durable SERS substrate 

Jian-Wei Liu\ Jin-Long Wang\ Wei-Ran Huang\ LeYu^,Xi-Feng Ren^, Wu-Cheng Wen^ & Shu-Hong Yu^ 

^ Division of Nanomaterials & Chemistry, Hefei National Laboratory for Physical Sciences at Microscale, Department of Chemistry, 
CAS Key Laboratory of Mechanical Behavior and Design of Materials, the National Synchrotron Radiation Laboratory, University of 
Science and Technology of China, Hefei 230026, P. R. China, "^Key Laboratory of Quantum Information, University of Science and 
Technology of China, Hefei 230026, P. R. China. 

Assembly of nanowires into ordered macroscopic structures with new functionalities has been a recent 
focus. In this Letter, we report a new route for ordering hydrophilic Ag nanowires with high aspect ratio by 
flowing through a glass capillary. The present glass capillary with well-defined silver nanowire films inside 
can serve as a portable and reusable substrate for surface-enhanced Raman spectroscopy (SERS), which may 
provide a versatile and promising platform for detecting mixture pollutions. By controlling the flow 
parameters of nanowire suspensions, initially random Ag nanowires can be aligned to form nanowire arrays 
with tunable density, forming cambered nanowire films adhered onto the inner wall of the capillary. 
Compared with the planar ordered Ag nanowire films by the Langmuir-Blodgett (LB) technique, the 
cambered nanowire films show better SERS performance. 

Within the past few decades, synthesis and characterization of one -dimensional (1-D) nanostructures 
have been made tremendous advances owing to their unique structures and potential applications^ 
With significant advancement in 1-D nanomaterials, a wide range of assembly strateges have been 
developed to create and construct functional well-defined ordered superstructures or complex architectures with 
desired properties'"^. A variety of principles and strategies have been used to assemble nanowires, such as (i) 
external fields based assembly, in which external field would affect the directional aggregation of nanowire blocks, 
resulting in the formation of well-aligned structures of magnetic or charged nanowires^'^, (ii) interface based 
assembly, in which interfaces offer a significant platform for the organization of nanowire blocks based on 
interfacial-ordering effects, especially for evaporation induce assembly and Langmuir-Blodgett (LB) tech- 
nique^°"^^, and (iii) other assembly methods, such as fiuid flow^^"^^ pattern transfer process^^, blown bubble^^, 
electrospinning^'*"^^, and mechanical force^^"^°. Compared with the sophisticated manufacturing of macroscopic 
devices, the assembly and integration of nanoscale objects into nanodevices are far from perfect and major efforts 
are still needed to further develop nanowire assembly strategies to expand expected potentials^^"^^. 

In the past decades, research on surface-enhanced Raman spectroscopy (SERS) has inspired an intense effort in 
the fields of physics, chemistry, biology, and biomedicine to explore its potential applications^^'^^ Various metallic 
nanostructured SERS substrates have been fabricated due to the introduction of Raman hot spots^^. Although 
disordered Ag nanowires assembled into ordered Ag nanowire films have been reported previously to test their 
SERS^^'^^"^^, it is of great importance to develop simple, and low-cost assembly methods to fabricate portable and 
reusable Ag nanowire SERS substrates. 

Herein, we describe a new route for ordering hydrophilic Ag nanowires with high aspect ratio by fiowing 
through a capillary. The formation process is strongly dependent on the flow parameters, such as flow rate and 
flow distance. The polarization and structural ordering were confirmed by the fiuorescence enhancement which 
was correlated with the angle between excitation light polarization and the silver nanowire direction. The glass 
capillary with well-defined Ag nanowire films inside can serve as a portable, reusable and durable surface- 
enhanced Raman scattering (SERS) substrate with high sensitivity, using Rhodamine 6G (R6G), and 4-mercap- 
tobenzoic acid (4-MBA) as probing molecules. 

Results 

Ag nanowires aligned inside of a glass capillary. Firstly, uniform and hydrophilic Ag nanowires with a diameter 
of 80-100 nm and aspect ratio of at least 200 were systhesized by a modified method described previously'*^. The 
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Figure 1 | Well-aligned Ag nanowire films with curvature were obtained 
by an ordinary glass capillary, (a) Photograph of two capillaries, upper 
one with the aligned Ag nanowires inside and down one is the naked 
capillary, (b) SEM images of the cross section of a typical capillary with Ag 
nanowire films inside, (c, d) SEM images of as obtained Ag nanowire 
assemblies at the bottom and side face of the capillary in wall. The arrow in 
(c) indicates the flow direction. Insets of (c, d) illustrate the position of the 
capillary. The experiments were carried out with a 0.154 mol/L of Ag 
nanowire ethanol suspensions flowing through a 300 [im capillary with a 
flow rate of 800 |aL min"\ 

obtained products were confirmed by analysis of X-ray diffraction, 
scanning electron microscope (SEM) image, and transmission 
electron microscope (TEM) image (see Supplementary Informa- 
tion, Figs. SI, S2). The Ag nanowires were then assembled using 
the novel capillary induced approach. 

Briefly, a 0.154 mol/L of Ag nanowire ethanol suspension was 
passed through a common capillary at a flow rate of 800 |iL min"^ 
and well-defined parallel arrays of NWs can be successfully achieved. 
Fig. la presents the optical photograph of two capillaries, upper one 
with the aligned Ag nanowire films inside and down one is a naked 
capillary. Compared with the naked capillary, the capillary with the 
Ag nanowire films inside was very smooth and sparkling, indicating 
that the Ag nanowires were successfully well aligned in this process. 
The diameter of a common glass capillary we used here is around 300 
|im as confirmed by SEM image (Fig. lb). The cross section of the 



glass capillary with Ag nanowires aligned inside was shown by a 
higher magnification SEM image. The inner wall of a capillary cov- 
ered with well-aligned Ag nanowires was depicted in Fig. Ic with a 
higher magnification, showing that most of the NWs are aligned 
along one direction, /.e., the flowing direction. Meanwhile, there 
are also some small deviations with respect to the flow direction. 
Besides the bottom of the capillary, the side face of the capillary is 
also covered by aligned side-by-side Ag NWs (Fig. Id). 

A series of experiments have been carried out to understand the 
factors controlling the alignment of the Ag nanowires. The formation 
process is strongly dependent on the conditions such as the wettabil- 
ity, flow rate, flow distance, and the concentration of Ag nanowire 
suspension. To investigate the wettability responsible for this con- 
trolled assembly, it was found that there were no Ag nanowire films 
on the inner wall when the superhydrophobic Teflon capillary was 
used. When the Ag nanowire suspensions flows through a capillary, 
disordered nanowires becomes ordered gradually. Fig. 2a shows the 
photograph of an Ag nanowire covered capillary. The arrow indicates 
the flow direction. When the flow distance is more than about 2 cm, 
most of the nanowires are well aligned (Fig. 2b-e). Just as reported 
previously^^, the flow rate plays an important role in microfluidic flow 
process. That is, with increasing flow rates, from 200 to 400 and 
800 |iL mm~\ the degree of nanowire ordering was increasing 
(Fig. 2f-i). While, when the flow rate increases up to 1000 [iL 
min"\ the density and the degree of nanowire ordering decrease. 
Higher flow rate produces larger shear force and hence leads to better 
alignment, however, too high flow rate results in decreasing the force 
between the capillary and the nanowires. Moreover, the influence of 
the concentrations of the nanowire suspensions on the assembly of Ag 
nanowires was investigated. It was found that the concentration plays 
an important role in the density of the nanowire films (Fig. 2j-m). 

Using this facile approach, Ag nanowires were closely packed and 
aligned parallel to each other sticking onto the capillary wall and 
forming a confined and uneven nanowire film. The driving force 
of the self-assembly process might be the van der Waals and inter- 
actions that occur between the side chains of polyvinylpyrrolidone 
(PVP) coated Ag nanowires and the sidewalls of capillary. These 




Figure 2 | Influence of the flowing factors on the assembly of Ag nanowires. (a) Photograph of an Ag nanowire covered capillary. The arrow indicates 
the flow directions, (b-e) Influence of the flow distance on the assembly of Ag nanowires shown by SEM images, from b to e, the flow distances are, 0, 1, 2, 
3 cm, respectively. The samples prepared by 0. 1 54 mol/L of Ag nanowire ethanol suspension flow through a 300 \im capillary with the flow rate of 800 \iL 
min~\ (f-i) Influence of the flow rate on the assembly of Ag nanowires shown by SEM images, from f to i, the flow rates are, 100, 400, 800, 1000 [iL min"\ 
respectively. The samples prepared by 0.154 mol/L of Ag nanowire ethanol suspension flow through a 300 \im capillary with different flow rate, (j-m) 
Influence of the concentration of the nanowire suspension on the assembly of Ag nanowires shown by SEM images, from j-m, the concentrations are, 
0.031, 0.039, 0.077, 0.154 mol/L, respectively. The samples prepared by different concentrations of Ag nanowire ethanol suspension flow through a 300 
\im capillary with the flow rate of 800 [iL min~\ 
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surface forces allow the assembly of one- dimensional Ag nano wires 
adsorbed and assembly along the axis of a capillary, without any extra 
pretreatment or functionalization. Interestingly, this general approa- 
ch can be extended to organize other nanowires, such as ultrathin Te 
nanowires with different aspect ratios (see Supplementary Informa- 
tion, Fig. S3). Uniform Te nanowires with different aspect ratios were 
synthesized by modified methods described previously^^'^^. The glass 
capillary substrate functionalized by immersing in a 1 mM chlo- 
roform solution of 3-aminopropyltriethoxysilane (APTES) for 
30 min, followed by heating at 110°C for 10 min, indicating that 
there is no obvious improvement in ordering formation process 
(see Supplementary Information, Fig. S4). Thus, common commer- 
cial glass capillary used here is more economicaP^. 

Optical properties of the novel well-defined Ag nanowire films 
inside of the capillary. The novel polarized optical transmission 
through periodic nanostructures has attracted much attention due 
to the exciting applications^^'^^. The polarization of the incident light 
determines the mode of excited surface plasmon which is related to 
the periodic structure. The setup of the experiment is illustrated in 
Fig. 3 a. The plot shows the transmission efficiencies of different wave- 
length light for our sample. In our experiments, the transmission 
efficiency is strongly dependent on the angle of ordered nanowires 
and the incident light polarization. We attributed this phenomenon 
to the effect of the surface plasmons. Transmission spectra of the 
capillary with well- defined Ag nanowire fdms inside were recorded 



by a spectrograph through a fiber (Fig. 3b). Briefly, white light from a 
stabilized tungsten -halogen source passed through a single mode 
fiber and a polarizer (only vertically polarized light can pass), then 
illuminated the sample. The polarization angle 0 is defined as 
between the incident light, and the long axis of the capillary. The 
sample was set between two lenses of 35 mm focal length, so that the 
light was normally incident on the sample. The light exiting from the 
sample was launched into the spectrograph. The sample was rotated 
anti-clockwise in the plane perpendicular to the illuminating light, 
with the rotation angle from 0° to 360°. Transmission spectra of the 
sample with rotation angle 0 = 0° and 90° were given in Fig. 3b. From 
0 = 0° to 360°, 18 curves were recorded and the intensity of Fig. 3c 
show the integral of the spectra peak at about 650 nm. It was found 
that the intensity of the transmittance as a function of rotation angles 
0, and data in Fig. 3d was transferred in polar coordinates. Based on 
the experimental data, we presume that only light with the vertical to 
the nanowire alignment can stimulate the surface plasmon polaritons 
(SPPs), making the vertical component of the electric field worked, 
that is EsinO. While, according to the energy, it should be E^sin^O. 
Considering the background and the factor, the function relation 
should be: 

S = a{sm^9 + b) 

Using the least square method, we can get the value of a = 460706, 
and b = 1.50. The goodness-of-fit values, = 0.99997, plotted 
against S (see Supplementary Information, Fig. S5). 
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Figure 3 | Optical transmission spectra through periodic Ag nanowire films, (a) Schematic illustration of the experimental setup, polarization angle 6 is 
defined as the angle between the polarization direction and the long nanowire axis, (b) Transmission spectra of the film of silver nanowires. The rotation 
angles are 0° and 90°, respectively, (c) Intensity of the transmittance as a function of rotation angles 9. (d) The data in (c) was transferred in polar 
coordinates. Dots: experimental data; line: fitting curve. 
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Figure 4 | Unique SERS applications of cambered Ag nanowire films inside of a glass capillary, (a) Schematic of the cyclic utilization of SERS substrate. 

(b) SERS spectra of adsorbed Rhodamine 6G (1X10"^ mol/L) before (blue) and after (purple) the dispersion into the concentrated hydrochloric acid 
(37.5%, wt %), SERS spectra (red) of Ag nanowire films by LB technique, and SERS spectrum (orange) of Ag colloid nanoparticle films by LB technique. 

(c) Repeatability of the reusable capillary SERS substrate about 8 cycles. The SERS intensities of the peak at 1362 cm"^ before (black) and after (red) 
dispersion into the concentrated hydrochloric acid as a function of number of cycles, (d) SERS spectra of adsorbed R6G, 4-MBA, and a mixture of R6G 
and 4-MBA. 



SERS applications of cambered Ag nanowire films inside of a glass 
capillary. Because of the existence of the large electromagnetic (EM) 
field, the integrated silver nanowire films based capillary assembly 
can act as an active platform for portable and reusable SERS 
detection The enhanced electric field around the noble metal 
nanostructures is considered to be the dominant factor for the 
corresponding SERS enhancement. Various Ag nanostructures 
have been investigated as highly sensitive substrates, such as, 
nanoparticles (NPs)^^, nano wires (NWs)^^"^^, vertically- aligned 
nanorods (NRs)^^'^°, nanoplates^^ and so on^^. Fig. 4a shows the 
schematic illustration of the cyclic utilization of SERS substrate. 
The vibration signatures are characteristic of Rhodamine 6G 
(R6G) molecules, which agree well with the Raman shifts reported 
in the previous literature and exhibit five most prominent Raman 
peaks at 1310, 1362, 1460, 1508, and 1648 cm"\ respectively (labeled 
in Fig. 4b). Eight cycles can be performed to test the stability of the 
Raman performance (see Supplementary Information, Fig. S6). The 
ordered Ag nanowires were well arranged in a confined capillary 
forming a unique structure which will open up potential 
applications. For example, compared with Ag nanowire films in 
planar Raman substrates by the LB technique, the Raman 
enhancement in our experiments is bigger, which is shown by red 
line in Fig. 4b (see Supplementary Information, Fig. S7)^^'^^. While, 
SERS spectrum of Fig. 4b (orange line) shows that Ag colloid 
nanoparticle films exhibit the worst performance. 

Discussion 

Compared with ordered Ag nanowire films by capillary, even by LB 
technique, the SERS performance of disordered Ag nanowire SERS 
substrates shows unstable (Fig. 5a and Fig. 5b). In order to make it 
clear, we fabricate some glass capillaries with different bending 
radius using oxyhydrogen flame by ourselves. With the bending 



radius of the glass capillary increasing, the SERS performance turns 
better (Fig. 5c). The detection limit of the SERS spectra for adsorbed 
Rhodamine 6G on Ag nanowire substrates is as low as 5X10"^ M 
(see Supplementary Information, Fig. S8). The Ag nanowire films 
aligned inside of the capillary will benefit to make the SERS substrates 
portable and reusable. After the SERS substrates using R6G as the 
probe molecule immersed in the concentrated hydrochloric acid 
liquid, no Raman signal will be detected (purple line in Fig. 4b). 
Based on this phenomenon, the Ag nanowire films in capillary can 
be used as a portable, reusable and durable substrate. Fig. 4c shows 
that the SERS substrate gives fairly reproducible results of the 
reusable phenomena after 8 numbers of cycles. Error bars were added 
to test the stability. The intensity of Fig. 4c is the integral area of peak 
of the spectra at about 1362 cm"\ The concentration of R6G was 
used for the reusability test is 10"^ mol/L. The results show no state 
disturbance, that is no overlap of a high SERS state (black) and a low 
Raman signals (red). Furthermore, one of the most important appli- 
cations of the SERS substrate is for the detection of pollutants, how- 
ever, the samples are always mixture pollutions in practical 
applications. Thus, a dynamic detection of a mixture is important. 
To exploit the applications of the unique structured Ag nanowire 
films. Fig. 4d shows the SERS spectra of probing molecules, 4-MBA, 
R6G and the mixture of 4-MBA and R6G, respectively. Compared 
with the three spectra, the capillary based SERS substrate shows to be 
a versatile platform that can even detect mixture pollutions. The 
ordering of the nanowire alignment can be largely influenced by 
the flow rate in microfluidic flow process. In our opinion, the differ- 
ence in the degree of nanowire ordering results in different SERS 
performance. SEM images in Figs. 2f-2i indicated that the degree of 
nanowire ordering was increasing with increasing flow rates from 
200 to 400 and 800 jiL min"\ However, when the flow rate increases 
up to 1000 |iL min"\ the density and degree of the alignment of the 
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Figure 5 | SERS performances of ordered, disordered and cambered Ag nanowire films. SERS performances of (a) ordered Ag nanowire films, 
(b) disordered Ag nanowire films at water-air interface by LB trough with the same Ag nanowire number per unit area, and (c) ordered Ag nanowire films 
in glass capillaries with different bending radius. The samples prepared by adding 1 mg of the freshly prepared AgNWs into the mixed solution (0.5 mL of 
N, AT-dimethylformamide (DMF) and 0.5 mL of CHCI3) to form a homogeneous solution at room temperature, a 50 [iL syringe was used to dispense Ag 
nanowire suspension onto the water subphase of the LB trough drop by drop. (Adsorbed Rhodamine 6G on Ag nanowire substrates, 514 nm excitation; 
power, 1 mW; data collection, 10s). 



nanowires decrease. The SERS spectra of the Ag nanowire films in 
the glass capillaries fabricated under different flow rates indicate that 
the SERS performance is largely dependent on the density and the 
degree of nanowire ordering (Supplementary Information, Fig. S9). 

In summary, we report a new route for ordering hydrophilic Ag 
nanowires with high aspect ratios by flowing through a glass capil- 
lary. The formation process of ordered nanowire films on the wall of 
a glass capillary is strongly dependent on the flow parameters, such as 
flow rate, flow distance and the concentration of Ag nanowire sus- 
pensions. The structure ordering could be indirectly demonstrated 
by polarized transmission spectra, which represents best fits using a 
sin^G function. The cambered nanowire films facilely fabricated by 
this capillary induced strategy display unique ordered structure and 
have some advantages including against being polluted or destroyed. 
The present glass capillary with well-defined silver nanowire films 
inside can serve as a portable, reusable and durable SERS substrate, 
which may provide a versatile and promising platform for detecting 
the pollutions in environment. 

Methods 

All chemicals are of analytical grade and were used as received without further 
purification. 

Synthesis of Ag nanowires. All chemicals and solvents were purchased from 
Shanghai Chemical Reagent Co. Ltd. and used without further purification. Uniform 
Ag nanowires with high aspect ratios were prepared by the polyol process method'^". 
Briefly, 1.76 g of polyvinylpyrrolidone (PVP, ~ 40,000) was added into 57 mL of 
glycerol in a round bottle flask and kept the solution at 85° C for one hour to form a 
homogeneous solution. After cool to room temperature naturally, 0.474 g of AgNOs 
was added into the solution. Then a NaCl solution (17.7 mg of NaCl dissolving in 
0.15 mL of deionized water and 3 mL of glycerol) was added into the flask. The flask 
was heated from room temperature to 210°C in 20 minutes with stirring. When the 
temperature reached 210° C, the heating was stopped. Then 60 mL of deionized water 
was added and the temperature dropped to room temperature. The color of the 
solution turned from pale white into light brown, red, dark gray, and eventually gray- 
green. Keep the solution undisturbed for 48 hours to remove the Ag nanoparticles. 
And the obtained Ag nanowires were washed with water for three times by centrifuga- 
tion at 4000 rpm for 1 min. Finally, the products were dissolved in 20 mL of ethanol. 

Synthesis of Te nanowires with different aspect ratios. The synthesis of uniform Te 
nanowires was described previously*^ ''^. The Te nanowires with the diameter of 7 nm 
and aspect ratio of 1000 were produced as flows: 1.0000 g of Poly( vinyl pyrrolidone) 
(PVP, Shanghai Reagent Company, Mw « 40,000), 0.0922 g of NazTeOs, and 33 mL 
of double distilled water were mixed in a 50 mL Teflon-lined stainless steel autoclave. 
The mixture was stirred by magnetic stirring to form a homogeneous solution. Then, 
1.67 mL of hydrazine hydrate (85%, wt %) and 3.33 mL of aqueous ammonia 



solution (25-28%, wt %) were added into the mixed solution, respectively. After 
vigorous magnetic stirring for 5 min., the container was closed and maintained at 
180°C for 3 h. After that, the autoclave was cooled to room temperature naturally. Te 
nanowires with low aspect ratio can be obtained in a typical synthesis. 20 mmol 
NaOH and 0.6 g poly( vinyl pyrrolidone) (PVP, Shanghai Reagent Company, Mw ~ 
40,000) were mixed together in 50 ml EG. 3 mmol Te02 was then dissolved in the 
above stock solution at about 120°C. After the addition of 0.3 mL N2H4*H20 at 
160°C, the Te nanowires can be obtained after reaction for about 20 min. 

Assembly of Ag nanowires. A 10 mL syringe was first connected with the capillary 
using polytetrafluoroethylene (PTFE) capillary as bridge. 0.154 mmol Ag nanowires 
were added into 10 mL of ethanol stirring for 5 minutes to form a homogeneous 
solution at room temperature. Then, the Ag nanowire suspension was put into the 
prepared syringe and injected at the flow rate of 800 |iL min~\ Finally, 1 mL pure 
ethanol was introduced to flow through the capillary with the same flow rate. The 
sample was dried at 37° C for 4 hours. 

Assembly of Ag nanowires by the LB technique. The ordered Ag nanowires 
monolayer was prepared using a modified Langmuir-Blodgett technique described 
previously^^'^^. Millipore Milli-Q water (resistivity 18.2 MQ cm) was used as a 
subphase filled in the LB trough (Nima Technology, 31 2D). 1 mg of the freshly 
prepared AgNWs was dispersed into the mixed solution (0.5 mL of N, N- 
dimethylformamide (DMF) and 0.5 mL of CHCI3) to form a homogeneous solution 
at room temperature. After that, a 50 |J,L syringe was used to dispense Ag nanowire 
suspension onto the water subphase drop by drop. Thirty minutes later, the 
nanowires surface layer was then compressed with a compression rate of 
20 cm^ min"\ The constant surface pressure was kept constant as soon as the fold 
formation that paralleled to the barrier direction occurred. 

Preparation of SERS samples. The capillary with well-aligned Ag nanowire films 
inside and the Ag nanowire film substrate by the LB technique were dipped into the 
10"^ M R6G solution (10"^ M 4-MBA) for saturation adsorption, then taken into the 
oven of 60°C for the evaporate of the ethanol. For the mixture of 4-MBA and R6G, 
1 mL 10"*^ M R6G and 1 mL 10"^ M 4-MBA solutions were firstly mixed, then 
repeating the above steps. 

Instruments. The X-ray diffraction patterns (XRD) were measured on a Philips 
X'Pert Pro Super X-ray diffractometer equipped with graphite-monochromatized Cu 
KR radiation. Field-emission scanning electron microscopy (FESEM) was carried out 
with a field emission scanning electron microanalyzer (Zeiss Supra 40 scanning 
electron microscope at an acceleration voltage of 5 kV). Raman scattering spectra 
were recorded with a JY LabRam HR 800 spectrometer using the 514 nm line of Ar+ 
for excitation. UV-vis spectra were recorded on UV-250 IPC/2550 at room 
temperature (Shimadzu Corporation, Japan). Transmission electron microscopes 
(TEM) carried out on a commercial JEOL-7650 transmission electron microscope 
operated at an accelerating voltage of 100 kV. 
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